Abstract The mosquito Aedes aegypti is the principal vector that transmits dengue virus (DENV) to humans. The primary factors that trigger a susceptible or refractory interaction of A. aegypti with DENV are not well understood. In this study, our aim is to characterize the influence of vector genotype on differential gene expression of susceptible vs. refractory A. aegypti strains to DENV infection. To accomplish that, we identified differential expression of a set of complementary DNAs (cDNAs; n=9,504) of the D2S3 (susceptible) and Moyo-D (refractory) strains of A. aegypti to DENV serotype 2 (JAM1409) and compared these results to the differential expression of cDNAs in a different susceptible vector genotype (Moyo-S) relative to the same refractory genotype (Moyo-D) identified from our previous study. We observed that, although the number of differentially expressed transcripts (DETs) was similar in both the studies, about~95 % of the DETs were distinct between Moyo-D/D2S3 vs. Moyo-D/Moyo-S. This suggested that A. aegypti response, to infection of a given genotype of dengue, is largely dependent upon the vector genotype. However, we observed a set of common DETs among the vector strains that were associated with predicted functions such as endocytosis, regulation of autophagy, peroxisome, and lipid metabolism that may be relatively universal in conferring mosquito response to DENV infection.
Introduction
Dengue, dengue with warning, and severe dengue (WHO 2009) collectively represent a major public health problem in more than 100 countries in subtropical and tropical regions. Dengue virus (DENV), the causative agent, is vector borne and is primarily transmitted by the mosquito Aedes aegypti. At present, there are no licensed vaccines or drugs for dengue prevention/cure and, therefore, vector control remains the major strategy to prevent dengue infection. As A. aegypti cohabits with approximately 40 % of the world's population, the global risk of DENV infection is significant. According to the World Health Organization, more than 500,000 people are hospitalized each year due to dengue-related diseases, and many of them (~20,000) lead to severe complications resulting in death.
The resilient nature of A. aegypti has become a major subject of scrutiny in recent years (Phillips 2008; WHO 2009) . Natural populations of A. aegypti mosquitoes show varying degrees of susceptibility to DENV (Gubler et al. 1979; Rosen et al. 1985; Bennett et al. 2002; Diallo et al. 2008) . Although progress has been made in our understanding of functional genomics of A. aegypti , precise mechanisms of how the mosquito hosts or defends against DENV infection are unclear.
Susceptibility or refractoriness of A. aegypti populations to DENV infection is controlled by robust activation of molecular factors in the infected mosquito. DENV enters the mosquito upon blood feeding on viremic human hosts, and then must establish an infection in epithelial cells of the mosquito's midgut. The success or failure of establishment of DENV infection in the midgut is one of the important factors that define vector competence of the mosquito. The intrinsic ability of A. aegypti to either host or defend against viral infection is generally referred to as "vector competence." Genetic studies suggest that DENV vector competence in A. aegypti is determined by multiple quantitative trait loci (QTL) in the genome (Bosio et al. 2000; Gomez-Machorro et al. 2004; Bennett et al. 2005) . The limitation of DENV infection in a refractory A. aegypti strain has been shown to involve genetic mechanisms that either prohibit the virus from establishing an infection in the midgut epithelium (midgut infection barrier (MIB)) or prevent virus escape from the midgut (midgut escape barrier (MEB)) to other tissues including the salivary glands, which is essential for subsequent transmission to another human host (Bosio et al. 1998) . To date, genetic barriers to salivary gland infection or escape have not been identified in A. aegypti populations.
The interaction between A. aegypti and dengue is a dynamic coevolutionary process wherein the vector seeks to defend against infection and the virus undergoes adaptive selection to facilitate its survival (Rico-Hesse 2007) . Accordingly, the outcomes of vector-virus interactions are intricately dependent upon the genotypes of vector, virus, and the environmental factors as well. Gene expression studies have identified genes and pathways in both mosquito host and human host that may be involved in DENV infection (Sessions et al. 2009 ). It has been suggested that Toll and JAK-STAT pathways have important roles in susceptibility of A. aegypti to DENV (Xi et al. 2008; Souza-Neto et al. 2009 ). A candidate protein of A. aegypti has also been identified that binds to DENV and contributes to dengue infectivity in the mosquito (Mercado-Curiel et al. 2008) . Differential expression of midgut serine protease and trypsin genes have also been suggested as having a role in DENV-2 infectivity in A. aegypti (MolinaCruz et al. 2005; Brackney et al. 2008 ). However, the potential for differential response of these genes or pathways to DENV infection in refractory vs. susceptible mosquito genotypes is unclear. In earlier studies, we employed microarrays to compare gene expression profiles in susceptible and refractory genotypes of A. aegypti and identified genes that are expressed in a highly networked manner to trigger a susceptible or refractory response to DENV infection (Behura et al. 2011; Chauhan et al. 2012) . The results identified modular patterns of gene expression that were significantly different between the susceptible and refractory genetic backgrounds. Based on sequences of genes identified as responsive and nonresponsive to the infection, it was found that different intrinsic features of A. aegypti genes are correlated with the transcriptional response to DENV infection . Furthermore, we observed that several responsive genes in a susceptible (Moyo-S) strain (Chauhan et al. 2012) were also differentially expressed in another susceptible (Rockefeller) strain in response to dengue infection (Colpitts et al. 2011) . The primary goal of this study is to better understand the plasticity in transcriptome response to DENV infection among different A. aegypti genetic backgrounds. In an effort to achieve that objective, here we compare transcriptome profiles in the D2S3 (susceptible) and Moyo-D (refractory) strains of A. aegypti in response to DENV infection and compare results with that of Chauhan et al. (2012) , which identified gene expression patterns in Moyo-S (susceptible) vs. Moyo-D (refractory) strains. The results of this investigation show that a core set of genes are commonly differentially expressed in both D2S3/Moyo-D, as well as genes which are expressed in a susceptible or refractory strain-specific manner in response to DENV infection indicating that vector genotype plays an important role in conferring susceptible/refractory responses of the mosquito to DENV infection.
Materials and methods

Mosquito strains and rearing methods
Two laboratory strains of A. aegypti, Moyo-In-Dry (Moyo-D) and D2S3 were used in this study. Moyo-D was originally collected in eastern Kenya, is refractory to infection by the avian malaria parasite Plasmodium gallinaceum (Thathy et al. 1994) , and was subsequently determined to also be refractory to DENV (average infection rate of~13 % under our conditions). The D2S3 strain was selected for high DENV susceptibility from A. aegypti aegypti and A. aegypti formosus parents , with~46 % average infection rate under our conditions (Schneider et al. 2007 ). Mosquitoes were reared and maintained in an environmental chamber at 26°C, 85 % relative humidity, with a 16-h light/8-h dark cycle that included a 1-h crepuscular period to simulate dusk and dawn following our standard conditions (Clemons et al. 2010 ).
Oral DENV infection
Conditions for cell culture and virus infections were as described in Schneider et al. (2007) . When~80 % confluent, the cells were infected with DENV serotype 2 JAM1409 at a multiplicity of infection (MOI) of 0.1 and incubated in maintenance media supplemented with 2 % FBS for 7 days. A standard artificial blood feeding protocol using a membrane feeder (Rutledge et al. 1964 ) was followed to perform oral infections of the mosquitoes and the blood feeding scheme used in the present study is illustrated in Fig. 1 . Equal parts of virus-infected C6/36 cell (Aedes albopictus cell) suspension and warmed defibrinated sheep blood (Colorado Serum Company: http://www.colorado-serum.com/) were fed to mosquitoes as an infectious blood meal. The uninfected (control) blood meals consisted of a nonvirus-infected C6/36 cell suspension and warmed defibrinated sheep blood. Fully engorged females were maintained at 28°C and 85 % relative humidity and provided with 5 % sucrose solution ad libitum via a soaked cotton ball. Test and control samples were collected at 3 h and 3 days after infection, and midguts were dissected from 20 females for each sample. Three independent biological replicates were performed for each feeding experiment.
RNA isolation and sample preparation RNA was isolated using TRIzol Reagent (Invitrogen: http:// www.invitrogen.com/), according to manufacturer's instruction from pooled midguts of each sample. Following RNA isolation, samples were treated with 1.0 U DNase I (Invitrogen). RNA concentration and quality was assessed using the NanoDrop ND-1000 (NanoDrop: http://www. nanodrop.com/) prior to labeling. First-strand complementary DNA (cDNA) synthesis and labeling was performed with 500 ng of total RNA using the Genisphere 3DNA Array 900 kit (Genisphere: http://www.genisphere.com) for each dye, cyanine 3 (Cy3), and cyanine 5 (Cy5).
Microarray design and hybridizations
The contents, design of the custom cDNA microarray, and the details of hybridization and scanning methods are described in Chauhan et al. (2012) . Briefly, microarrays were generated from 9,504 unique cDNA amplicons obtained from a various tissue sources to assist in the A. aegypti genome annotation effort (Nene et al. 2007 ). Hybridizations were performed using the two-step protocol as recommended by the manufacturer (Genisphere).
Data analysis
Statistical analysis of array data was conducted using significance analysis of microarrays (SAM) version 2.0 (http:// www-stat.stanford.edu/~tibs/SAM/). The SAM method performs cube root transformation to reduce the artifacts associated with the ratios involving small numbers and then assigns a score to each gene on the basis of changes in expression relative to the standard deviation of the replicates (Tusher et al. 2001) . Genes with scores greater than a userdefined threshold are considered significant. The software then uses permutations of the replicates to estimate the false discovery rate (FDR) associated with the selected gene set. For this exploratory investigation, we limited the FDR values to less than 5 % to report significant expression differences in gene expression. We defined positive genes as those upregulated in Moyo-D and/or downregulated in D2S3, and negative genes as those downregulated in Moyo-D and/or upregulated in D2S3.
The software Cluster 3.0 (de Hoon et al. 2004 ) was used to generate hierarchal clusters of significant genes based on average correlation of Euclidian distances of expression of transcripts found significant among the four samples (2 strains×2 time points). The cluster patterns were displayed using TreeView 1.60 (http://ranalbl.gov/EisenSoftware.htm). The gene ontology (GO) analyses of significant genes were carried out with A. aegypti gene annotation data available at Vectorbase (http://www.vectorbase.org) and BioMart (http:// www.biomart.org). The pathway analysis was performed with the KEGG (Kyoto Encyclopedia of Genes and Genomes, Japan) pathways annotated from A. aegypti genes (www. kegg.jp). The hypergeometric tests of GO association differentially expressed genes were conducted with gene counts as described in Behura et al. (2011) .
The data of the current study and a related study (Chauhan et al. 2012 ) were compared to assess the role of vector genotype in transcriptional response to DENV infection. Both studies were carried out after infecting mosquitoes with same strain of virus (DENV-2 JAM1409) and the same refractory mosquito strain (Moyo-D). However, the previous study utilized a different susceptible strain (MOYO-S). Here, we compared the differentially expressed transcripts (DETs) common to the 1-and 4-h time points with the DETs identified at the 3-h time point in the present study. Similarly, the 48-and 96-h time points common DETs identified in the previous study were compared with the 3-day (72 h) DETs of the present study. Our null hypothesis was that vector genotype has no role in modulating gene expression between susceptible/ refractory strains upon dengue infection. After identifying the number of common and strain-specific DETs identified in both the studies, we performed hypergeometric tests, essentially as described in Fury et al. (2006) to determine if the null hypothesis can or cannot be rejected.
Quantitative real-time RT-PCR
To confirm microarray results, a total of five genes showing significant differential expression were examined by real-time Fig. 1 Experimental design of sample preparation for the microarray investigation. Adult females of the D2S3 strain (susceptible) and Moyo-D strain (refractory) were fed blood meals to generate orally infected test samples and uninfected control samples. At 3 h and 3 days after infections, midgut samples were collected from individual females at each time point for both the strains. A total of 24 samples were generated from the three biological replicates for RNA preparations from pooled midguts, and microarray hybridizations were performed using a dye-swap method qRT-PCR using SYBR green dye technology. The same RNA samples used for the current microarray experiment were used to perform these PCRs as described in Behura et al. (2011) . Note that these genes were also identified and confirmed as differentially expressed in that study. Pearson correlation coefficients were calculated for the qRT-PCR data and the corresponding values from the current microarray data for D2S3 and Moyo-D strain expression levels of each of the five genes.
Results
Identification of differentially expressed transcripts
We identified DETs in the D2S3 and Moyo-D strains following oral infection with DENV-2 JAM1409 using custom microarrays containing 9,504 unique cDNA amplicons as previously described (Chauhan et al. 2012) . A total of 24 samples (2 strains×2 conditions (infection or control)×2 time points×3 biological replicates) were analyzed to identify DETs in infected samples in comparison to control samples. The D2S3 and Moyo-D strains show~52 and~15 % infectivity, respectively, when challenged with DENV-2 JAM1409 under our conditions (Schneider et al. 2007) . Two time points postinfection, 3 h and 3 days, were chosen to represent an early and a late postinfection period. All the hybridizations were conducted using the cye3/cye5 dye-swap method where the ratio of dye intensity of D2S3 relative to Moyo-D was used to calculate relative expression changes in the infected and uninfected samples of the two strains. In other words, DETs which are upregulated in the D2S3 strain are downregulated in the Moyo-D strain and vice versa. The data of this microarray experiment were submitted to ArrayExpress (http://www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-64.
The DETs were associated with significant changes in expression in the infected samples vs. uninfected samples as measured by the SAM method. The significance threshold value (delta) was kept greater than 0.31, and the average FDR was kept less than 5 % to identify the significant DETs. A total of 1,165 significant DETs were identified using these conditions. The fold change of expression of these genes varied from 1.2 to 7.0. On average, one in every four of the significant DETs was associated with greater than 2-fold changes in expression. By performing qRT-PCR with selected genes (n=5), it was found that each gene had highly similar expression patterns between the qRT-PCR assays and the microarray results (Online resource 1). Additionally, we have compared expression pattern of common DETs between the current study and another independently performed microarray study (Chauhan et al. 2012 ; further details are described below) and observed highly similar patterns (Pearson correlation coefficient=93 %) further validating the microarray expression data of this study.
Time-and strain-specific expressions
The number of significant DETs distributed among the two strains and two time points are shown in Fig. 2 . The complete list of these transcripts is provided in Online resource 2. It shows that slightly higher numbers of transcripts are differentially expressed at the 3-h postinfection time than at the 3-day postinfection time. This suggests that the early events after dengue infection may be transcriptionally more active than late events, such as at 3 days postinfection. This result is consistent with similar observations by Chauhan et al. (2012) . Furthermore, the number of DETs upregulated specifically in the refractory strain is also greater than the number of DETs upregulated in the susceptible strain indicating that defending against the infection evoked a more complex gene response than hosting DENV. Comparable observations were observed by Behura et al. (2011) for microarray studies with different refractory and susceptible genetic backgrounds.
In addition, several (n=54) transcripts also showed overlapping expression between the 3-h as well as the 3-day time points. The complete list of these transcripts is provided in Fig. 2 Venn diagram showing number and distribution of DETs between D2S3 and/or Moyo-D strains at 3 h and/or 3 days after infection with DENV. The four samples are shown as S/3h, S/3d, R/3h, and R/3d, where S and R represents the susceptible (D2S3) and the refractory (Moyo-D) strains respectively, and 3 h and 3d represent the two postinfection time points (i.e., 3 h and 3 days), respectively. The numbers of DETs that are responsive to dengue infection exclusively in a specific strain at specific times are indicated. For example, 274 transcripts were upregulated in the susceptible strain (or downregulated in the refractory strain) at 3 hr after infection, whereas 267 transcripts were upregulated in the refractory strain (or downregulated in the susceptible strain) at 3 days after infection. The numbers shown as shared between samples represent DETs which are upregulated in more than one strain or time point. For example, a total of ten DETs were upregulated in the susceptible strain at 3 h (or downregulated in the refractory strain), but the same DETs were upregulated in the refractory strain at the 3-day time point (or downregulated in the susceptible strain) Online resource 3. They showed either similar or opposite expression patterns between the two strains. In the D2S3 strain, a total of nine transcripts were upregulated at both time points. Another ten transcripts were upregulated in D2S3 at the 3-h time point but were then downregulated in Moyo-D at the 3-day time point. Similarly, 15 DETs were consistently upregulated in Moyo-D at both time points, whereas a set of 20 transcripts were upregulated in Moyo-D at 3 h but downregulated in D2S3 at 3 days postinfection (Fig. 3) . As these 54 genes show overlapping expression between infection times and mosquito strains, it is highly likely that they be instrumental to global cross talk of genes in the mosquito host to produce either a permissive or nonpermissive response to DENV infection.
Gene ontology and pathway analysis of DENV responsive genes
The GO terms of the DENV responsive genes were determined to predict functionality of differential expression of transcripts in the D2S3 and Moyo-D strains. Based on GO terms associated with A. aegypti genes (archived at Biomart database at VectorBase), it was found that the responsive genes show significant enrichment (hypergeometric p value <0.05) to GO terms such as binding, catalytic, metabolic, hydrolase, membrane, and kinase activities (Table 1) . However, the individual GO terms were differentially associated with each strain and postinfection time (Online resource 4). It was found that specific GO terms are associated with genes which are differentially expressed in a strain-specific manner, and also with genes which are commonly responsive to DENV infection in both the strains (Table 2 ). We also found that the differentially expressed genes represented several KEGG pathway genes (n=155) of A. aegypti (Online resource 5). Many of these genes are related to endocytosis, transportation, signaling, and metabolic activities that may be relevant to entry and early infection processes of DENV in the epithelium cells of mosquito midguts.
Role of mosquito genotype on transcriptional response to DENV infection
The current investigation (with susceptible D2S3 vs. refractory Moyo-D strains) utilized the same custom microarray platform that was used for identifying differentially expressed genes in the Moyo-S (susceptible) and Moyo-D strains (Chauhan et al. 2012) . Moyo-S is a substrain of Moyo-D that was selected for high susceptibility to P. gallinaceum (Thathy et al. 1994) , and subsequently found to show~57 % infectivity with DENV-2 JAM1409 (Schneider et al. 2007) . As Moyo-D was used as a common refractory strain in the present as well as in the Chauhan et al. (2012) study, we compared both datasets to explore any signatures of gene expression in both or patterns that may be specific to the susceptible strains, i.e., D2S3 (this study) or Moyo-S (Chauhan et al. 2012) . From comparison of these data, we identified that nearly 95 % of the DETs are different in D2S3/Moyo-D vs. Moyo-S/Moyo-D indicating that A. aegypti response to infection of a given DENV is largely dependent upon the vector genotype. However, we identified a set of 52 transcripts that were differentially regulated in both D2S3/Moyo-D vs. Moyo-S/ Moyo-D strains (Online resource 6). Based on the hypergeometric test (Fury et al. 2006 ) of the distribution of the common and the strain-specific DETs, we observed significant association (hypergeometric p value <0.01) between expression patterns and genotype differences (susceptible vs. refractory) of A. aegypti to DENV suggesting that the null assumption (see "Materials and methods") can be rejected. Of these, 31 transcripts were upregulated in the common refractory strain Moyo-D and the remaining 21 transcripts were upregulated in Moyo-S and D2S3 (Fig. 4) . By analyzing the annotated function of these common genes, it was found that these genes are enriched (hypergeometric p value <0.05) in gene functions such as endocytosis, autophagy, peroxisome, lipid metabolism, signaling, and translation. As these genes (Online resource 6) were commonly responsive to dengue infection between mosquito strains, they may act as core genes of A. aegypti necessary to trigger both hosting and defensive reaction to dengue infection.
Discussion
It is well known that different laboratory strains and field isolates of A. aegypti show variable susceptibility to DENV infection, as well as variability in response to different DENV isolates (reviewed in Guzman et al. 2010; Rico-Hesse 2007) . The current investigation is a part of our continuing effort Fig. 3 Hierarchical cluster of transcripts (Online resource 3) based on differential expression at both postinfection time points in either D2S3 or Moyo-D strains. The cluster tree shows different groups of transcripts (marked by colored horizontal arrows) that show similar expression patterns between the two strains and the two time points. Below the horizontal line are the self-organizing maps of expression cluster of the transcripts, and the color codes of the map are described below that. The color of the horizontal arrows indicates the groups for the different expression patterns toward understanding the plasticity of gene expression of the vector mosquito A. aegypti to DENV infection. It is clear that infection status is dynamic, complex, and subject to interactions between individual mosquito genotypes and environmental influences. Several laboratory strains of this mosquito show either low or high infectivity to DENV2 serotype (Schneider et al. 2007 ), which can be subjected to transcriptome studies for better understanding of susceptible/ refractory response of A. aegypti genes to dengue infection. The D2S3 strain was selected for high susceptibility to DENV-2 (JAM1409) infection . We chose this strain to compare gene expression with Moyo-D strain that shows low infectivity to dengue infection (Schneider et al. 2007 ). Moyo-D was chosen primarily for the availability of gene expression data (Chauhan et al. 2012) between Moyo-D and Moyo-S in response to dengue serotype 2 infection, which allowed us to compare gene expression patterns of both the microarray studies.
The primary aim of the present study is to identify expression of a collection of cDNAs (n=9,054), investigated by Chauhan et al. (2012) , and to compare the DETs between Moyo-S/Moyo-D vs. D2S3/Moyo-D vector genotypes. Our purpose is not to identify differentially expressed genes in a comprehensive manner in A. aegypti genome as we have The number of response genes associated with each GO term and the total number of genes associated with the same term are listed. The p value represents the hypergeometric distribution p value calculated for each GO term as described in Behura et al. (2011) The numbers show the number of differentially expressed genes associated with the GO term already reported that in a previous work (Behura et al. 2011) .
The cDNA array that we used in this study is the same array format that was used by Chauhan et al. (2012) ; complete details for cDNA amplicon selection for these arrays is presented therein. Briefly, the cDNA amplicons were chosen as they represented putative unique gene sequences from consensus sequence assemblies generated from expressed sequence tag (EST) collections from various tissue sources generated to assist in the A. aegypti genome annotation effort (Nene et al. 2007 ). The A. aegypti genes that were missing among these 9,045 cDNAs were not specific to any to particular function or pathway (data not shown). Thus, it is unlikely that we are systematically losing any specific gene function from our cDNA analysis. Although usage of cDNA microarray is considered as a limitation for comprehensive analysis of gene expression, our approach is however appropriate for the specific aim of this study which is to compare expression patterns of a collection of A. aegypti cDNAs across genotypes. To meet that specific objective, we resorted to the same cDNA microarray instead of using another microarray or RNA-seq platform. Nevertheless, we have identified several known pathway genes which are significantly upregulated in D2S3 or Moyo-D strain at specific postinfection time points (Online resource 5). Several genes associated with transport and catabolism activities such as endocytosis (AAEL002469, A A E L 0 0 4 3 1 9 , A A E L 0 0 7 2 8 8 , A A E L 0 0 7 8 4 5 , AAEL008184, and AAEL009754), peroxisome and phagosome (AAEL002723, AAEL009112, AAEL013260, and AAEL007845), autophagy (AAEL002286), and lysozomal activities (AAEL001235 and AAEL005460) were identified among the significant genes. These genes are expected to have functional role in internalization and other early cellular processes of the virus in the midgut epithelium cells.
Based on the expression patterns of these genes between D2S3 and Moyo-D (Online resource 5), it appears that these genes are critical in establishing susceptible interaction between the virus and mosquito (Mosso et al. 2008) .
Several genes relating to energy metabolism, particularly oxidative phosphorylation (AAEL007777, AAEL008848, AAEL010330, AAEL011871, and AAEL013009) and different translational-related processes including mRNA surveillance (AAEL010940, AAEL011742, and AAEL011817) and R N A t r a n s p o r t ( A A E L 0 0 4 3 7 8 , A A E L 0 0 5 6 3 5 , AAEL007078, AAEL009646, AAEL011817, and AAEL014733) were differentially expressed between the two strains (Online resource 5). This is consistent with our earlier report (Behura et al. 2011 ) that defending against DENV infection is energetically more expensive to A. aegypti than hosting the virus. The refractory response requires a greater number of genes to be activated to defend against DENV than the number of genes required to host the virus (Fig. 2) . Moreover, several genes related to serine protease (AAEL011622), innate immunity (AAEL007642), apoptosis (AAEL012143), and proteolytic activities (AAEL011016 and AAEL005112) were activated in the Moyo-D strain but not in the D2S3 strain, suggesting a possible role of these genes in defense response to DENV in A. aegypti. Proteases, Toll pathway genes, and apoptosisinducing genes have been indicated to regulate dengue susceptibility in A. aegypti from previous studies (Molina-Cruz et al. 2005; Brackney et al. 2008; Xi et al. 2008; Behura et al. 2011; Liu et al. 2013) .
Genes related to signal transduction such as Jak-STAT signaling (AAEL013786), phosphatidylinositol signaling (AAEL009294), TGF-beta signaling (AAEL009110), Hedgehog signaling (AAEL004351), mTOR signaling (AAEL008179), and Notch signaling (AAEL002389) were upregulated in both the D2S3 and Moyo-D strains. These genes possibly play key roles in establishing signal transductions among the responsive genes for triggering either a susceptible or refractory response to dengue infection. Signal transduction is an important feature of molecular interactions between dengue and A. aegypti as also found from previous investigations Behura et al. 2011; Chauhan et al. 2012 ). Based on this study and from others mentioned above, we provide a simplified intuitive model to explain the overall mechanism of susceptible and refractory response of A. aegypti to DENV infection (Fig. 5) . It is likely that DENV is controlled by a vacuolar trafficking process which is distinct between susceptible and refractory mosquitoes. The endoplasmic reticulum may play an important role in this process (Hsieh et al. 2008) . The innate immunity of the mosquito plays the key role in defending against DENV infection which is likely to be orchestrated by multiple factors including apoptotic and proteolytic processes (Brackney et al. 2008; Liu et al. 2013) .
The mechanism of susceptible and refractory responses of A. aegypti to DENV is subject to trade-offs between mosquito and DENV evolution, as the virus is obligated to adapt alternatively to the mosquito vector and the human host. Evidence suggests that when such trade-off effect is released by growing the virus in one cell line (either mosquito or human), the virus gains fitness in infectivity compared with DENV undergoing alternative passages in both mosquito and human cells (Vasilakis et al. 2009 ). The trade-off effect is also manifested within a host, wherein genotype variation in hosts acts as a retarding force on evolvable capacity of the virus (Holmes 2003) . However, it is not known (to the best of our knowledge) if intraclonal DENV (circulating within same genotype of mosquito) have higher rates of evolution and adaptive fitness than interclonal (circulating between different genotypes of mosquito) DENV. However, the present investigation allowed us to compare gene expression patterns between D2S3/Moyo-D with that of Moyo-S/Moyo-D (Chauhan et al. 2012) . From this comparative analysis, we found that different susceptible genetic backgrounds of A. aegypti show different responses to DENV infection. Thus, vector genotype has an effect in modulating transcriptional response of A. aegypti to DENV infection which may be associated with differential adaptability of DENV in different strains of the mosquito.
